Despite a long history of anatomical studies in birds, the genitalia of most avian species remain undescribed. Birds are the only vertebrate taxon with internal fertilization where an intromittent phallus has been lost in most species. Studying the anatomical transitions of the avian phallus in those species where it is still present, allows us to test evolutionary hypotheses of why the phallus was lost in the ancestor of modern birds. As part of an anatomical survey of the evolution of avian phallus morphology, we have examined some avian species whose genitalia have not been described. Previously, there were only two known events of phallus reduction in birds: one transition from intromittent to non-intromittent in the Galliformes, and a complete loss of phallic structures in the ancestor of Neoaves. Here we report three additional cases of phallus reduction in birds: a transition from intromittent to non-intromittent phallus in Tinamiformes (Crypturellus, Tinamidae), the presence of a non-intromittent phallus in Alectura (Megapodidae), and a complete loss of the phallus in Leipoa (Megapodidae). In addition, we report on the unique morphology of the Crypturellus non-intromittent phallus. These new records of phallus reduction highlight the dynamic nature of phallus evolution in birds. Our findings provide evidence against the hypothesis that the phallus in birds is maintained to insure paternity in taxa with exclusive male parental care, since both groups where we report phallus reduction provide predominately male-only care.
Birds are the only vertebrate taxon with internal fertilization where phallic structures have been lost in most species (Briskie and Montgomerie 1997) . Only a few groups of birds have retained the ancestral phallus, including the ratites, Tinamiformes, Galliformes and Anseriformes (Gerhardt 1933, Briskie and Montgomerie 1997) . Avian phalli are classified in two main types: intromittent phallus protrudens and non-intromittent phallus nonprotrudens (King 1981) . The shaft of the intromittent type protrudes from the ventral proctodeal wall of the cloaca, while the non-intromittent type remains attached to it (King 1981) , and it is therefore unlikely that it penetrates the female vagina. A recent review of avian phallus evolution suggested a single evolutionary transition between intromittent and non-intromittent phallus within the Galliformes, and a single evolutionary loss in the sister group to Galliformes and Anseriformes (Galloanserae) which is the common ancestor of most living Neoaves (Montgomerie and Briskie 2007) .
The anatomy of non-intromittent avian phalli has been well described in the domestic fowl Gallus gallus (Fig. 1a) and turkey Meleagris gallopavo (Phasianidae, Galliformes) (reviewed by King 1981) . The non-intromittent phallus in Gallus has four main components: 1) median and lateral phallic bodies (corpus phallicum medianum: c.ph.m. and corpora phallica laterallia:c.ph.l.), 2) lymphatic folds (plycae lymphaticae: l.f.; Fig. 1a ), 3) paired peripheral lymphatic sinuses of the paracloacal vascular body (lymphobulbus phalli: l. ph.), which produce the lymph responsible for the engorgement of the phallus during ejaculation, and 4) muscles of the phallus (King 1981 , King 1993 . The non-intromitent phallus in Meleagris lacks the median phallic body, while the lateral phallic bodies are more developed than in Gallus. The lymphatic folds are also larger and are located on top rather than alongside the lateral phallic bodies as they are in Gallus. During erection the turkey phallus has a double apex, rather than the single apex evident in the chicken, due to the presence of the median phallic body (King 1981) .
Despite centuries of work on avian anatomy, avian genitalia are still poorly known, and further work is required to fully describe genital anatomy of many species (Montgomerie and Briskie 2007) . In tinamous for example, only the intromittent phallus of the spotted tinamou Nothura maculosa has been fully described (Oliveira and Mahecha 2000) . Other tinamou species have an intromittent phallus including the red-legged tinamou Rhynchotus rufescens, white-bellied nothura Nothura boraquira, lesser nothura Nothura minor, grey tinamou Tinamus tao and solitary tinamou Tinamus solitarius (Oliveira et al. 2004 ). Gerhardt (1933) had previously described the phallus of red-legged tinamou (which he referred to as Tinamus rufescens), as being 2 cm long and resembling that of the kiwi (Apteryx) on a reduced scale (Gerhardt 1933) , while King (1981) mistakenly reported that Gerhardt's description was that of the thicket tinamou C. cinnamomeus. Oliveira et al (2004) reported that small-billed tinamou Crypturellus parvirostris, and tataupa tinamou C. tataupa had a non-intromittent phallus, but no anatomical descriptions were provided and findings were not placed in an evolutionary context. In our study of phallus diversity and evolution in birds, we have examined the genitalia of several species and here we describe a novel type of nonintromittent phallus in the genus Crypturellus (Tinamidae), which represents a second example of a transition between intromittent and non-intromittent phalli in birds.
One of the avian families whose phalli are not described are the megapodes (Megapodidae). The presence/absence of the phallus was deemed equivocal by the latest review on avian intromittent organs (Montgomerie and Briskie 2007) because there are no published descriptions of the phallus in this group. The phallus was reported as present in the Australian brush turkey Alectura lathami and the malleefowl Leipoa ocellata, and absent in at least some of the species of the genus Megapodius, based on personal communications published originally by Brom and Dekker (1992) . In this study, we describe the phallus anatomy of two megapode species, and contrary to the report by Brom and Dekker (1992) , we report the complete absence of phallic structures in the malleefowl, which represents an independent loss of the phallus in birds. We also report a reduction of phallic structures from intromittent to non-intromittent in the Australian brush turkey, and discuss the evolutionary implications of these findings.
Methods
We examined the macroanatomy of two formalin preserved specimens of undulated tinamou Crypturellus undulatus, collected in Bolivia (YPM136993 and 136994), and spirit specimens of tataupa tinamou (C. tataupa, AMNH, fluid 11470), variegated tinamou (C. variegatus, AMNH, fluid 10414), and little tinamou (C. soui AMNH, fluid 8535). We assessed the reproductive status of the males by looking at the size of their testes and the presence of convolutions inside the terminal portion of the Ductus deferentis. All Crypturellus specimens were in peak reproductive condition as evinced by their enlarged testes and well-developed Ducti. We emptied the contents of the terminal portion of one duct into an Eppendorf tube with 200ul of buffered formaline 10%, and examined a 10ul drop under the microscope (20)) to look for sperm cells. Sperm was found in the samples of all Crypturellus males examined.
Within the Tinamidae we also have examined the everted phallus of recently killed red-winged tinamou (YPM136980, 136982Á84), ornate tinamou (Nothoprocta ornata: YPM136965 and 136967), Darwin's tinamou (Nothura darwinii YPM 136988Á91), white-bellied nothura (Nothura boraquira YPM136872, YPM136874Á75, YPM136877,78), and Andean tinamou Nothoprocta pentlandii (TV867,868). All specimens collected were at peak reproductive condition. The phallus of 16 live great tinamous (Tinamus major), and one specimen (YPM136959) from this group were examined in a captive population in Costa Rica during the reproductive season.
In addition, we examined the cloaca of two adult male malleefowl collected during the breeding season (YPM137671 and 137673). Although the testes were enlarged in both specimens, the Ducti were not fully developed (no convolutions were evident) indicating that the males were not in peak reproductive condition. However the avian phallus is present year round despite circannual changes in its size related to breeding seasonality (Hohn 1960, P. Brennan unpubl . data), so we expected to be able to describe the phallus even if was not at peak development. Finally we examined a live specimen of an adult male Australian brush turkey during the breeding season and made observations on the anatomy of the phallus. The cloaca and associated muscles were removed and a longitudinal cut made on the dorsal surface of the cloaca to expose the phallus. The length of the phallic bodies was measured to the nearest 0.1 mm. The terminal portion of the intestine was separated from the floor of the cloaca to expose and measure the vascular bodies in C. undulatus and C. variegatus. However, this dissection was not done in C. soui or C. tataupa because their small size and ethanol preservation would have caused unacceptable damage to these museum specimens. To minimize the damage on the preserved spirit specimens only the left testis was removed from the body cavity and measured to the nearest 0.1 mm.
Results
All the Crypturellus species examined have a non-intromittent phallus that protrudes very little from the ventral floor of the cloaca (Fig. 1b) . The phallus is a small, smooth and fleshy lamina with a prominent central groove running from its base almost to its distal tip. In the species examined, the phallus measures between 4.0Á9.8 mm, but only protrudes from the floor of the cloaca at the distal end by 1.0Á1.4 mm. The fleshy lamina is formed by the two 2 lateral phallic bodies (c. ph. l.), that merge at the tip, apparently with the median phallic body (c. ph. m.), to form a single apex. The lateral phallic bodies are homologous to the Corpus phalli (c. ph.) that form the shaft of the intromittent phallus. Both sides of the lamina are symmetrical, except in C. variegatus where the right phallic body is longer causing a slight curve to the left seen at the very tip of the phallus.
The ejaculatory groove and sulcus (sulcus phalli: s. ph.) divides the ventral surface of the phallus and is evident in the non-erect phallus. The sulcus is straight, runs directly between the lateral phallic bodies, and ends at the distal end of the phallus where the two sides merge. The lymphatic folds in Crypturellus run alongside the lateral phallic bodies (Fig. 1b) . The phallus is rigid, and in C. soui and C. variegatus there is black coloration to the phallus. The left side of the cloaca was dissected further to expose the left paracloacal vascular body. In C. undulatus this oval organ (3.0 )1.1 mm) is located at the root of the vas deferens, and was exposed upon separation of the connective tissue between the muscle and the lower portion of the intestine. The lymphatic sinuses are found in the entire area that surrounds the phallic bodies. The left vascular body in C. variegatus is found in the same location and it measures 1.5 )1.0 mm. The musculature of Crypturellus phallus is similar to that of Gallus and consists of two pairs of muscles: the m. retractor phalli cranialis is inserted on the ventrolateral wall of the proctodeum, while the m. retractor phalli caudalis, inserts on the ventral aspect of the tip of the phallus (presumed median phallic body), although the latter is very small in Crypturellus.
The phallus of male Crypturellus differs in fundamental ways from the previously described non-intromittent phalli in galliforms. First, the phallic bodies have a firm structural base that is clearly evident upon dissection, whereas in Gallus, the lateral bodies are very small and are best seen during erection when they fill up with lymph. Second, the ejaculatory groove is clearly visible in the non-erect phallus of Crypturellus. In Gallus, the ejaculatory groove is not present in the non-erect phallus and is formed only during ejaculation by engorgement of the lateral phallic bodies. Third, the tip of the phallus is a single apex, similar to Gallus presumably formed by the c. ph. m., but different from the double apex found in Meleagris where the c.ph.m. is absent. Fourth, similar to Gallus, the lymphatic folds in Crypturellus run alongside the lateral phallic bodies, whereas in Meleagris they are on top of the c. ph. l.
The Cryturellus non-intromittent phallus is also very different from the phallus found in all other tinamous we examined, which have a true intromittent organ that protrudes from the cloaca when everted (Fig. 2a, b) .
The cloacae of the two malleefowl examined show a complete absence of phallic structures, while the seminal papillae are clearly visible (Fig. 3a) . There is a fold on the Figure 2 . Phallus protrudens in tinamous (Dorsal view) A. Great tinamou (T. major). The phallus has not been everted and the base of the phallus is clearly visible on the ventral surface of the cloaca. The base of the phallus (B. ph.) is rigid and always external. When not everted, the phallus is kept in a phallic pouch. B. Everted phallus of red-legged tinamou (R. rufescens). The body of the phallus (Corpus phalli: C. ph.) protrudes from the base and has a shaft made of two phallic bodies (only partially exposed in A). The sulcus phalli (S. ph.) originates at the fossa ejeculatoria (F.e.), where sperm are ejected from the ductus deferentis (D.d.) and runs along the outside of the coiled body of the phallus (C. ph.). P0Proctodeum, G 0Gut. Scale bars 02 cm.
ventral surface of the cloaca where the phallus is normally present in other species, though the fold varies in prominence between the two specimens examined. No paracloacal vascular bodies were found upon further dissection of the cloaca, while both pairs of phallus muscles are still present.
Finally, the live specimen of Australian brush turkey examined had a non-intromittent phallus (Fig. 3b) . A similar conclusion was reached upon examination of a photograph of another brush turkey (provided by D. Jones). There are no phallic bodies that protrude from the ventral floor of the cloaca. The seminal groove splits in two at the distal end of the phallus forming a Y-shaped groove. There does not seem to be a median phallic body as that found in Gallus, and the phallus is superficially similar to that of Meleagris, with a double, rather than a single apex. In addition to the phallus reduction we report in Alectura and Leipoa, the orange-footed scrubfowl Megapodius reinwardt also seem to lack a phallus (D. Jones pers. comm.).
We expanded the avian phylogeny used by Montgomerie and Briskie (2007) to illustrate phallus evolution, by expanding both the tinamou and megapode branches to incorporate our new findings (Fig. 4) . Montgomerie and Briskie modified the phylogeny published by Cracraft et al (2004) to present their hypothesis of avian phallus evolution (Montgomerie and Briskie 2007) . To Montgomerie and Briskie's hypothesis, we added a simplified version of the most recent tinamou phylogeny resulting from molecular and anatomical characters (Bertelli and Porzecanski 2004) . Since all non-Crypturellus tinamous examined by us in this study, and by Oliveira (2004) , including 3 species in the sister group to Crypturellus (genus Tinamus), have an intromittent phallus (Fig. 2b) , it appears as though the intromittent phallus in tinamous was reduced to nonintromittent only once in the branch leading to all Crypturellus (Fig. 4) .
We also added a simplified version of the most recent molecular phylogeny of the megapodes (Birks and Edwards 2002) to the phylogenetic hypothesis in Fig. 4 , but the lack of anatomical descriptions of the phallus on most megapodes does not allow us to be certain about its evolution in this group. The phallus could have been independently lost twice within the group, or the loss may have occurred in the ancestor of the family, while it was regained as a nonintromittent phallus later on in brush turkey.
Discussion
Our discovery of two novel and phylogenetically independent reductions in phallus complexity suggests that phallus evolution has been more dynamic than previously assumed, both qualitatively as we report here, and quantitatively as we reported previously in waterfowl (Brennan et al. 2007) .
We have described an anatomically novel type of nonintromittent phallus that represents the second example of an evolutionary reduction of the avian phallus from intromittent to non-intromittent. The differences found between the non-intromittent phalli of Galliformes and Crypturellus may reflect the historical differences in the anatomy of the intromittent phalli of their independent ancestors. Further anatomical work of the Crypturellus phallus is needed, particularly a histological study to describe the microanatomy of the tissues and to understand the functional basis of its distinctly rigid yet reduced phallic bodies.
Even though the malleefowl specimens we examined were not in peak reproductive condition, they were collected during the breeding season and the testes were already starting to enlarge. The phallus should have been detectable under these conditions even if it was not at its peak size. The avian phallus develops in the embryo and it is visible in very young birds (recently hatched), and adults in breeding and non-breeding condition in waterfowl and many tinamous (Tinamidae; P. Brennan unpubl. data). We have no a priori reason to suspect that malleefowl should differ from these other groups in this character. In addition, Dr. D. Jones one of the sources of the personal communications reported by Brom and Dekker (1992) , confirmed that Leipoa does not have a phallus, contrary to what was previously reported. The evolutionary changes of the phallus within megapodes cannot be resolved without further anatomical studies of the phallus of other species in this group.
Phallus evolution within the Galliformes is clearly more complex than previously assumed. Based on our current data, the most parsimonious hypothesis of phallus evolution within this group has three evolutionary changes. The last common ancestor between megapodes and other Galliformes had an intromittent phallus which was then (1) lost in the ancestor of megapodes, (2) regained as non-intromittent in Alectura, and (3) reduced to non-intromittent in Galliformes other than Cracidae (Fig. 4) .
Although an association between promiscuity and phallus presence/absence and morphology has been suggested in birds (Briskie and Montgomerie 1997 , Coker et al. 2002 , Montgomerie and Briskie 2007 , our findings offer mixed support for this relationship. Both Leipoa and M. reinwardt are socially monogamous (Jones 1995) , and lack a phallus; whereas the Australian brush turkey is promiscuous and has a non-intromittent phallus. However, several Crypturellus species are promiscuous: females are either polyandrous or both sexes are promiscuous (Davies 2002 ) and yet the phallus has been reduced in all species examined. Knowledge on the genetic mating system of these poorly known species, may elucidate whether a pattern is evident or not.
The evolutionary significance of the anatomical transitions of the avian phalli remains poorly understood, but our findings offer evidence against one of the few hypotheses to explain phallus maintenance that has been suggested in the literature. The paternity insurance hypothesis states that the phallus has been maintained in certain avian groups because it increases male confidence in paternity presumably by allowing the male to deposit sperm further inside the female cloaca, or to displace sperm from other males (Briskie and Montgomerie 1997) . Briskie and Montgomerie (1997) reported an association between mode of parental care and the presence of a phallus (not controlled for phylogeny), where a higher percentage of avian families with exclusive male parental care have a phallus when compared to those where the phallus is absent (Briskie and Montgomerie 1997) . Our findings argue against the maintenance of the phallus as a paternity insurance mechanism, since both groups where we report phallus reductions have male incubation and paternal care (Jones et al. 1995 , Davies 2002 ). In addition, although brush turkeys have high levels of cuckolded offspring in their nest mounds (25%; Birks 1997), and their phallus is nonintromittent, two species that have maintained the intromittent phallus also have high levels of cuckoldry in their nests: ostrich Struthio camelus and emu Dromaius novaengliae males care for up to 68 and 51% of unrelated chicks (Taylor et al. 2000, Kimwele and Graves 2003) , suggesting that an intromittent phallus is not sufficient to insure high levels of paternity, and further casting doubt on the role of the phallus on paternity insurance.
The function of non-intromittent phalli in birds is puzzling, since they clearly are not long enough to penetrate the female vagina to deliver sperm further inside the female oviduct as intromittent phalli do. Non-intromittent phalli could be a selectively neutral intermediate step between a full intromittent phallus and complete phallus loss. However since the underlying erectile machinery are still present, and non-intromittent phalli have diverse morphologies in different taxa, we hypothesize that their function may be to help ensure a more successful copulation, either by providing a better seal with the female cloaca, and/or by stimulating the female during copulation. Functional data on the copulatory mechanics of avian species with nonintromittent phallus is needed to test these hypotheses.
It is clear that phallus evolution in birds is dynamic and complex and that so far we lack a hypothesis that explains the general pattern of phallus presence/absence that we are uncovering. Further anatomical descriptions of morphological changes in the avian phallus will help to understand its evolution. The phallus was reduced from intromittent to non-intromittent in the genus Crypturellus and was lost completely in Leipoa and Megapodius, and reduced in Alectura (see text). Phylogeny and phallus evolution modified from Montgomerie and Briskie (2007) . Tinamou phylogeny simplified form Bertelli and Porzecanski (2004) , Megapode phylogeny simplified from Birks and Edwards (2002) .
